Abstract. -The conduction and noise properties of a classical electron solid pinned by variations in the image potential of a glass substrate underneath a helium film supporting the electrons are presented. These properties include a nonlinear resistivity, a f requency-dependent complex impedance, f-a noise and an abrupt increase in broad-band noise when the electron solid becomes depinned. The results of this study are compared with data on quantum electrons solids in heterostructures and MOSFETs .
Introduction.
Electrons on a liquid helium surface form a uniquely simple, two-dimensional system. When the helium consists of a thin film on a dielectric substrate, variations in the image potential of the electrons due to substrate roughness leads to a random lateral potential for the electrons. For thin films this "pinning potential" is sufficiently strong to pin the solid phase of the electron system. The conduction properties of this electron solid mimic those of sliding charge-density waves [I] .
Kajita [21 was the first to observe non-linear I-V characteristics for electrons on a helium film supported by a hydrogen substrate. He suggested that this non-linearity resulted from the pinning of the electron crystal. Later Jiang and Dahm 131 made a more extensive study of the conduction and noise properties of this system using a glass substrate and verified that the system was indeed a pinned electron solid.
Motivated by this work, measurements of the conduction properties of two-dimensional electrons have been adapted to identify the solid phase of the electron system in heterostructures 14-61 and silicon MOSFETS [71. It is our purpose here to review the conduction and noise properties of the pinned electron solid on a helium film and compare these results with measurements in quantum systems.
We point out some differences between the electrons on a helium film system and electrons in semiconductors. A direct electrical contact cannot be made to electrons on helium. Thus, a dc voltage cannot be applied to this system. Secondly, in the stripline geometry we employ the current profile is trapezoidal across the length of the sample. Finally, our measurements are made on a classical system at temperatures relatively close to the melting point. Thermal excitation may play a role in the conduction process at low excitation voltages.
Results.
Our system consisted of a helium film supported by a 160 pn thick cover glass. Two 1 cm square electrodes were evaporated on the underside of the glass. The electron layer above the helium film and the metallic electrodes formed an electrical stripline. Measurements were made by passing an ac current through the electron layer and measuring the real and imaginary parts of the impedance The resistivity of the two-dimensional electron layer as a function of temperature is presented in Fig. 1 . In the fluid phase the resistivity is nearly independent of temperature and is determined by electron scattering from helium surface ripplons and substrate potentials. The resistivity varies as p -(-rT/T,) in the solid phase, where r is a constant. This dependence may reflect the thermal mean square deviation of the electrons from their lattice sites, <x2> -T. The linear scale for p shown in the inset shows a smooth variation with temperature through the melting point. We define the melting temperature as the intersection of the two segments of the resistivity curve plotted on a logarithmic scale. This value is consistent with the I . The I-V characteristics of the system are non-linear. In Fig. 2 we plot the normalized ac resistance as a function of excitation voltage. The resistance is a smooth function of the excitation voltage with a decrease setting in at a critical voltage V,.
Above a second critical voltage V , . which is ill defined on a resistance plot, the resistance again becomes independent of excitation voltage.
The frequency dependence of the real and imaginary parts of the im edance per square are shown in Fig. 3 . At low frequencies these vary as L! where r) is temperature dependent. For this sample. 1 takes on the values 0.63 and 0.46 respectively at 425 and 710 mK.
The noise characteristics are shown in Fig. 4 . Between the critical voltages V, and V, the noise varies as f-a, where ci = 1.4 + 0.1. At voltages above V, the broad-band noise increases abruptly by a factor of 30. In the weak-coupling limit a charge-density wave has phase coherence over a distance L. The dielectric screening of the electrons can be treated by placing an image charge a distance 2t beneath each electron. Here t is the helium film thickness. We crudely approximate our screened electron-electron interaction by a dipole interaction, (2et12/r? The energy density is given approximately as [I11 Here n is the density of electrons, a is the lattice spacing, W is the impurity potential, and ni is the density of impurity potentials. The coherence length L is obtained by minimizing the energy with respect to L.
The threshold field is estimated by setting the energy gained by moving the crystal one lattice spacing to the cost in impurity energy [121. We obtain L
3
-10 a for our sample. This suggests that our electron solid is very weakly pinned.
3. Discussion.
The conduction and noise features exhibited by the pinned electron solid mimic those of sliding charge-density waves and have a simple interpretation. At low excitation fields the ac conductivity is due to small amplitude oscillations of lattice domains in the impurity potential wells. Above the lower critical voltage the solid moves by the uncorrelated depinning of individual domains. This leads to a f-a noise spectrum. Above a second critical voltage V, the entire solid becomes depinned, and the resistivity is determined by momentum transfer between lattice phonons and ripplons and from the scattering of the solid from the random impurity potentials. In this regime the large broad-band noise results from the lattice "jerking" over the pinning sites. A frequency dependence of the form o -' can be obtained by a distribution of impurity potentials with a uniform distribution of resonance frequencies extending to zero frequency.
The conduction and noise characteristics of other pinned two-dimensional electron solids can be compared with our results. Kajita [I1 in his study of the classical electron lattice on a helium film above a hydrogen substrate plots a set of I-V characteristics for different electron densities. The electron density is proportional an electric field applied normal to the electron layer. This electric potential is another source of trapping on a rough hydrogen surface.
He finds continuous I-V characteristics at the critical field although at the highest density, largest pinning potentials, there is an apparent step in the I-V curve at the critical field. The data points are discrete. He uses arbitrary units for the applied field, and one cannot extract a domain size from his data.
Goldman et al.
[41 find a differential resistance which varies smoothly with applied voltage. Their curves resemble the data shown in Fig. 2 , with a large separation between V, and V,.
Their lattice is also weakly pinned with a domain size of L = 250 a. Li et al. They find the threshold power to be independent of filling factor. They argue that this result is consistent with high-field breakdown caused by excessive electron heating .
The authors of Refs. 4, 6 and 7 find a large increase in the broad-band noise which sets in when the dynamical resistance vanishes, i.e. when the lattice becomes completely depinned.
A nonlinear dynamic resistance has also been reported in the insulating phase of a two-dimensional hole system [151. These characteristics are qualitatively different than the results shown in Fig. 2. 
Conclusions.
Measurements on electrons supported by a helium film yield exceptionally clear features of the conduction and noise characteristics of a pinned electron solid. A consistent interpretation of the data is the following. A weaklypinned electron crystal is characterized by a dynamic resistance which is a smooth function of the applied field with a large range between the critical field for the depinning of domains and the critical field for the onset of broad-band noise. The strongly-pinned electron solid is characterized by a dynamic resistance which is a sharp function of applied field above the critical field. Sufficiently strong pinning might lead to a discrete step in the I-V characteristics. The similarity of the conduction and noise features in quantum systems and those of the classical pinned electron solid provides supporting evidence that the electron solid has been observed in these quantum systems.
The electron on helium system has a number of advantages for the study of the pinned solid phase. The pinning potential can be varied, in situ, by changing the helium film thickness, the electron density can be easily adjusted and the type of pinning potential can be altered by depositing charges on the underlying substrate 1141.
This includes both strongly repulsive interactions with trapped negative charges and positive charges which trap single electrons in the solid.
